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We report a new experimental method to measure the localization length of photo-generated
carriers in an organic donor-acceptor photovoltaic blend by comparing their dielectric and elec-
tron spin-resonance susceptibilities which are simultaneously measured by monitoring the resonance
frequency of a superconducting resonator. We show that at cryogenic temperatures excitons are dis-
sociated into long lived states, but that these are confined within a separation of around 4 nm. We
determine the Debye and recombination times, showing the coexistence of a fast electrical response
corresponding to delocalized motion, with glass-like recombination kinetics.
PACS numbers: 73.63.-b,73.50.Pz,74.78.Na
Organic photovoltaic cells, OPVs, rely on heterojunc-
tion between donor and acceptor materials to efficiently
separate excitons into free charges [1, 2]. Understand-
ing the charge generation mechanisms, and controlling
the nano-scale architecture of these materials is crucial
to the improvement of their power conversion efficien-
cies. Research in this direction has stimulated creative
experiments combining material optimization, electrical
transport and optical spectroscopy [3, 4, 6–9]. At room
temperature, thermal activation allows carriers to hop
through amorphous regions or domain boundaries. In
contrast at low temperatures hopping is strongly sup-
pressed and, as we show here, carriers become confined
within small nm length scale domains. In this Letter, we
investigate the transport properties of photo-excited car-
riers in this regime. Our results provide an insight on the
typical length scales over which carriers are delocalized
in absence of thermally activated transport.
Due to the confined nature of carriers at cryogenic
temperatures, it is necessary to use a contact-less tech-
nique to access their properties, as achieved in a mi-
crowave domain experiment [10, 11]. Since the opti-
cal absorption length in organic materials is usually in
the 100 nm range, standard microwave cavities are not
ideally suited for investigation of photo-transport prop-
erties, as photo-excitations can be generated only in a
small fraction of the cavity volume. However, at low
temperatures, superconductive strip-line resonators con-
fine the electromagnetic field on a few microns scale,
while achieving very high quality factors. These consid-
erations led us to the experimental setup that is sum-
marized in Fig. 1. The resonator consists of 2 µm
wide Nb meanders lying on a transparent Sapphire sub-
strate [12–15]. It operates at a fundamental frequency
of f0 ' 365 MHz. A typical photovoltaic blend is
deposited on the surface by spin coating. The super-
conducting meanders create AC electric/magnetic fields
whose direction is mainly parallel/perpendicular to the
organic layer. In addition a static magnetic field can
be applied along the direction of the meanders. The
entire system is placed in an optically accessible cryo-
FIG. 1: Schematic of the experiment: Nb meanders are cov-
ered by a thin PV layer which is coupled to the AC electric
Eac and magnetic Bac fields produced by the resonator. The
sample can be optically excited at wavelength λ and a static
uniform magnetic field B can also be applied. Top left panel
shows a scanning electron microscope image of the resonator
and the chemical structures of the used molecules are sum-
marized on the right (a C60 molecule represents the fullerene
derivatives).
stat allowing optical excitation with a λ = 532 nm
laser or a monochromator (using light from a broadband
Xenon source). In most experiments, the sample was
immersed in Helium-II providing highly efficient ther-
malization to the bath temperature T = 2 K. The
materials investigated in this study are donor-acceptor
blends P3HT:PCBM and PCPDTBT:PC(70)BM [5] with
respective polymer/PCBM weight ratios of 1:1 and 1:2
annealed in nitrogen atmosphere at 130o C [6, 16].
In a first set of experiments, we measured the mi-
crowave reflection signal r(f) from the resonator as a
function of the probe frequency f . The reflection coef-
ficient was measured with a mixer that multiplied the
reflected wave from the resonator with a reference signal
with an adjustable phase. In order to increase sensitiv-
ity, a frequency modulation (FM) was applied to the mi-
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FIG. 2: Displacement of the cavity resonance towards lower
frequencies under illumination for a PCPDTBT:PC(70)BM
layer. The change in the lineshape can be described by the
displacement of the resonant frequency δf and a weaker vari-
ation of the linewidth Wf . The inset shows the pump power
dependence of the product ωτD which is deduced from the
dimensionless ratio δWf/δf . Typical microwave power was
1 nW.
crowave probe (amplitude of 5 kHz, and modulation fre-
quency 713 Hz). The output voltage from the mixer was
measured at the FM modulation frequency with a lock-
in amplifier giving a signal proportional to d Im r(f)/df .
This quantity is displayed on Fig. 2 as a function of the
probe frequency f , in the dark and at various illumina-
tion powers. This frequency dependence gives the posi-
tion of the resonance frequency f0 and the quality fac-
tor of the resonator which depends on the peak to peak
distance Wf . All the line-shapes are well described by
the derivative of a Lorentzian. Under illumination, the
resonant frequency decreases by an amount δf accompa-
nied by a less noticeable broadening of the resonance by
an amount: δWf . The control experiments without the
polymer layer exhibited frequency shifts that were several
orders of magnitude smaller, the dependence of the fre-
quency shift δf on the pump wavelength λ matched the
optical absorption spectrum of the PV materials, and il-
lumination of pristine materials (for e.g. P3HT only)
lead to much smaller effects as compared to the blends.
Since the frequency shift dominates over the broad-
ening δf  δWf the photo-generated carriers are prob-
ably localized. Indeed such carriers contribute mainly
to the dielectric signal resulting in an increase in the
capacitance which lowers the resonant frequency [17].
This contrasts with the reported room temperature be-
havior where the broadening effects related to photo-
conductivity are dominant [10, 11]. Information on the
time scale for the motion of the confined carriers can
be obtained from the ratio between δWf and δf . For
confined carriers whose polarizability αe(ω = 2pif) is
described by a Debye response αe(ω) = αe/(1 + iωτD)
(we confirmed this by measuring δf at several harmon-
ics of the resonator) we find that: δWf/δf = 2ωτD/
√
3
where τD, the Debye time, is the characteristic re-
sponse time of the carriers, it can be determined di-
rectly from Fig. 2. The inset shows that τD depends
only weakly on the optical excitation power. We find
τD ' 18 ps for P3HT:PCBM and τD ' 12 ps for
PCPDTBT:PC(70)BM. These time-scales are substan-
tially longer than the vibrational/relaxational time scales
expected for excited states on a single molecule that are
typically in the 100 fs range. Thus the carriers are proba-
bly delocalized on meso-scale molecular clusters, however
the effective localization length cannot be determined di-
rectly from τD.
This length-scale can be obtained from the dielectric
polarizability αe per carrier, which can be expressed as
αe = 0a
3
l where the quantity a
3
l is the polarization vol-
ume and 0 is the vacuum permittivity. We have defined
the polarizability without introducing the dark value of
the PV film dielectric constant r since it does not in-
fluence the electric field inside the layer in our geometry.
Note also that r comes from the polarizability of fully oc-
cupied molecular orbitals and vibrational states, whereas
here we investigate the contribution to the polarizability
from charged excitations. We term the associated length-
scale al the localization length, sometimes also called the
electrostatic radius. For example al would be approxi-
mately the Bohr-radius for a hydrogen-like atom, or the
molecular radius for the polarizability of fullerenes [18].
Using the electromagnetic theory of hollow resonators
[19] we can find the relative frequency shift δfel/f (the
suffix in δfel highlights its dielectric origin) created by
NS carriers distributed on the surface of the resonators
δfel
f
= − Nsa
3
l
SRλE
(1)
where SR is the surface area of the resonator and λE is
the effective confinement length for the AC electric field.
In our case, we find SR = 2.8 mm
2 and λE ' 19.8 µm as
obtained by finite-element simulations of the field pro-
files; as a consistency check we verified that our simu-
lations gave the accurate value for the fundamental res-
onance frequency f0. Note also that a
3
l corresponds to
the average polarization volume between electrons and
holes. Even if the left hand side of Eq. (1) is known from
the data on Fig. 2, this equation cannot be used to deter-
mine a3l directly without knowledge of the photo-induced
carrier population NS . Since the charges of the photo-
induced electrons and holes compensate each other, NS
cannot be obtained from a charge measurement as in a
field-effect transistor. However each carrier has a spin
1/2 and so it is possible to count the total number of
spins NS by measuring the light induced electron-spin
resonance (LESR) signal [20, 21].
The LESR is detected by monitoring the resonant
frequency of the cavity as a function of a static mag-
netic field B applied as indicated on Fig. 1. Since in
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FIG. 3: Magnetic field dependence of the resonant fre-
quency shift δf/f at several illumination powers for a
PCPDTBT:PC(70)BM layer. The LESR signal is centered
at B ' 130 Gauss with an increasing amplitude as a function
of Pλ. Similar data was obtained for P3HT:PCBM. The in-
set shows the deduced localization length al as a function of
the separation between carriers n
−1/3
S (where nS is defined as
nS = NS/(SRW )).
our resonator both the electric and magnetic AC fields
(Eac/Bac) interact with the PV layer, the AC magnetic
field can drive the electron-spin resonance (ESR) pro-
ducing a displacement of the resonance frequency when
it matches the ESR frequency: ωB ' gµBB, where g ' 2
is the g factor and µB is the Bohr-magnetron. The de-
pendence of the relative frequency shift of the cavity
δf/f on the magnetic field B is displayed in Fig. 3. It
shows a clear LESR resonance appearing as expected
at B = 2pif/(gµB) ' 130 Gauss for a resonant fre-
quency f ' 363MHz. As expected LESR amplitude
increases with the optical excitation power. The absence
of zero field splitting and of a half field transition at
B/2 ' 65 Gauss in the LESR signal confirms our iden-
tification of the excited states as separated electron-hole
pairs. For clarity, a parabolic dependence of δf on the
magnetic fieldB (independent on the illumination power)
has been subtracted from the data [12].
The number of photoexcited spinsNS can be estimated
from LESR using the known magnetic susceptibility χm
of a paramagnetic spin 1/2 and the effective confinement
length for the AC magnetic field λB ' 5.6 µm :
δfesr
f
=
NSχm
SRλB
=
NS
SRλB
µ0g
2µ2B
16kBT
ωB(ωB − ω)τ22
1 + (ωB − ω)2τ22
(2)
where τ2 is the spin dephasing time [22]. Note that we
use the real part of the magnetic susceptibility since we
measured the shift of the resonant frequency and not the
cavity losses. We found that Eq. (2) provided a good
description of our ESR data with τ2 ranging from 10 to
20 ns which was used as a fit parameter. These values
are consistent with the linewidths reported in optically
1024 1025
n  (m   )
10-3
10-2
10-1
100
101
102
P3HT:PCBM
PCPDTBT:PC(70)BM
0 0.25 0.5
0
10-4
nS
-5
τ
(se
c)
increasing 
R  t f
dark P    = 2.5   W
-
 
 
 
f/f δ
λ µ
P λ
time (sec)
slope :
S
-3
re
c
FIG. 4: Mean recombination time τrec as a function of the
total carrier density nS as determined from Eq. (4). The
inset shows a typical trace where the frequency shift rate Rf is
measured, when an illumination of known power Pλ = 1.5 µW
is switched on.
detected magnetic resonance experiments [23]. The the-
oretical spin sensitivity was confirmed by depositing a
reference paramagnetic on the resonator [24]. Combining
Eqs. (1,2) we find the ratio between dielectric and mag-
netic signals δfesr/δfel = χmλE/(a
3
l λB). In the limit of
a thin Nb film the coupling ratio between electric and
magnetic modes is simply λE/λB = (1 + S)/2 where
S = 10 is the dielectric constant of Sapphire, however
the finite 1 µm thickness of the Nb film leads to a lower
numerical value λE/λB ' 3.55.
The above results allowed us to determine the localiza-
tion length as a function of the light induced spin den-
sity nS = NS/(SRW ) where W ' 130 nm is the PV film
thickness and NS was deduced from ESR. The spin den-
sity nS is also the sum of the photo-generated electron
and hole densities nS = ne + nh. Fig. 3 (inset) shows
the variation of al as of a function of the mean photo-
generated carrier separation n
−1/3
S , revealing a plateau
at large values of n
−1/3
S . The plateau is centered around
al ' 2.3 nm for P3HT:PCBM and al = 2.1 nm for
PCPDTBT:PC(70)BM. In the case of P3HT:PCBM the
mean carrier separation n
−1/3
S and the the localization
length al become comparable at the highest illumina-
tion powers. A drop of the polarization volume is ob-
served this regime, as expected due to the increasing
strength of the Coulomb interactions at high densities
[25]. The crossover occurs when n
−1/3
S ∼ al, providing
an additional consistency check since the two quantities
n
−1/3
S and al were determined independently. We note
that the same dependence was measured by exciting the
P3HT:PCBM sample with a 407 nm laser.
It is interesting to compare the values of al which
we report here and our knowledge on the blend mor-
phology. There is currently a growing evidence in sup-
4port of a structure consisting of small quasi-crystalline
PCBM clusters of a few nanometer radius embedded in
a mixture of amorphous and crystalline polymer [26–30].
Thus it seems likely that the photo-polarizability effect
originates from delocalized carriers inside the fullerene
nanocrystals, consistent with the similar values found
in P3HT:PCBM and PCPDTBT:PC(70)BM. In this sce-
nario al would be determined by the size of the fullerene
nanocrystals, suggesting the exciting perspective of com-
bining our novel technique with material science methods
to control in-situ the degree of phase separation or the
size of the fullerene clusters.
Knowing the average polarizability per photo-
generated carrier, it was possible to probe the carrier
generation efficiency and the recombination time-scales
at low temperatures. The following experiment was
used to determine the exciton separation quantum ef-
ficiency (ESQE) in our samples: the resonator was kept
in the dark for a long enough time to allow relaxation
of most of the carriers, then at time t = 0 an irra-
diation of known intensity Pλ was switched on leading
to a transient decrease of the resonance frequency at a
rate d(δf/f)/dt = −Rf . A typical experimental trace
is shown in the inset on Fig. 4, note that Rf was mea-
sured immediately after the illumination started to avoid
contributions from later time recombination effects which
lead to the stabilization of the resonance frequency. The
rate Rf (Pλ) was proportional to the incident power Pλ,
for example for P3HT:PCBM the proportionality held
as Pλ was varied by three orders of magnitude in the
range 1.5 nW − 1.5 µW. Thus we can interpret Rf (Pλ)
as the product between the rate at which electron-hole
pairs are generated and the relative drop of the resonant
frequency per carrier which we found to be a3l /(SRλE)
based on electromagnetic modeling. This leads to the
following relation:
−d(δf/f)
dt
= Rf (Pλ) =
a3l
SRλE
(2× ESQE) Pλ
~ωλ
(3)
where we defined ESQE as the probability of forming
a charge separated electron-hole pair per incident pho-
ton. The latter are generated at a rate Pλ/(~ωλ) where
~ωλ is the photon-energy. All the quantities appearing in
Eq. (3) are known except for ESQE, thus we can use it to
find ESQE = 12.8% for P3HT:PCBM and ESQE = 5.6%
PCPDTBT:PC(70)BM. These values are substantially
lower than those reported at room temperature, how-
ever the probability of an exciton to diffuse to a donor-
acceptor interface is smaller at low temperatures and the
germinate recombination of charge-transfer states is also
enhanced. The possibility to study charge separation at
low temperature under low intensity irradiation opens
up the possibility to discriminate between the “hot” and
“cold” charge generation mechanisms which are still de-
bated [31].
We have also investigated the dependence of the re-
combination life-time τrec on the carrier density. This
quantity was determined from the steady state balance
between the generation term Rf (Pλ) and the decrease in
polarizability due to recombination of the carriers at a
rate NS/τrec = (nSWSR)/τrec :
Rf (Pλ) =
a3lW
λE
nS
τrec
= − 1
τrec
δfel
f
(4)
the obtained results are displayed in Fig. 4. We note that
the lowest values of τrec are in the ms range, several or-
ders of magnitude larger than the Debye time τD ∼ 10 ps.
This is consistent with our interpretation that electron
and holes are separated by a barrier with an exponen-
tially slow hopping rate preventing recombination. In-
terestingly the lifetimes in P3HT:PCBM are consistently
larger by almost an order of magnitude as compared to
PCPDTBT:PC(70)BM. A steep dependence on density
is observed τrec ∝ n−5S in both materials, in a Langevin
model we would expect τrec ∝ n−1S . It corresponds to a
high order recombination kinetic, suggesting that the ef-
fect of interaction between carriers are more pronounced
at low temperatures and require a treatment beyond
the bi-molecular interactions included in the Langevin
model. The fast divergence of the recombination times
at low carrier density suggests an analogy with the “elec-
tron glass” phase [32], to confirm this analogy, we moni-
tored the relaxation of the resonant frequency when illu-
mination was stopped and finding a log t time tail char-
acteristic of a glassy system. Other effects can also lead
to this unusual power law dependence, for example the
percolating nature of the conducting paths in disordered
conductors [33] or tail states inside the gap [34]. An in-
teresting consequence of the existence of these very long
lived carriers is that charge extraction remains possible
even at cryogenic temperatures. We have measured the
external quantum efficiency in OPV devices at T = 10 K
finding values in the 0.5% range [35], which indicates that
the long lived photo-generated charges reported here can
be converted into photo-current.
In summary, we have introduced a new technique to
probe the localization length of photo-excited carriers.
This allowed us to measure the localization length in
two reference organic PV materials leading to a value of
around 2 nm compatible with the size of fullerene nano-
crystalline domains. We have also shown that charge
separation is possible even at cryogenic temperatures and
that it is not necessarily thermally activated. The gen-
erated carriers are extremely long lived, exhibiting an
unusual dependence of the recombination time on the
carrier density, thus they are likely to be separated by at
least twice the localization length or 4 nm.
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